This paper is dedicated to investigating static eccentricity in a three-phase LSPMSM. The modeling of LSPMSM with static eccentricity between stator and rotor is developed using finite element method (FEM). The analytical expression for the permeance and flux components of nonuniform air-gap due to static eccentricity fault is discussed. Various indexes for static eccentricity detection using stator current signal of IM and permanent magnet synchronous motor (PMSM) are presented. Since LSPMSM is composed of a rotor which is a combination of these two motors, the ability of these features is evaluated for static eccentricity diagnosis in LSPMSM. The simulated stator current signal of LSPMSM in the presence of static eccentricity is analyzed in frequency domain using power spectral density (PSD). It is demonstrated that static eccentricity fault generates a series of low frequency harmonic components in the form of sidebands around the fundamental frequency. Moreover, the amplitudes of these components increase in proportion to the fault severity. According to the mentioned observations, an accurate frequency pattern is specified for static eccentricity detection in three-phase LSPMSM.
Introduction
Energy economizing is a crucial object that leads the world to conservation and preventive policy against the shortage of resources as well as environmental pollution and global warming. Electrical energy consumes great portion of resources owing to new developments in industries, growth of population, and changing of the human needs [1] . As it is reported, the electrical motors use up to 50%-60% of electric energy in different applications [2, 3] and induction motors (IMs) are expending 96% from this part of energy only in United States [3] . Accordingly, the idea of replacing IMs with higher efficiency electrical motors is seriously being considered. Hitherto, the permanent magnet synchronous motor (PMSM) could be an option for substitution of IM due to higher efficiency and admissible production cost.
The principal drawback of PMSMs is their inverter-fed characteristic that makes them uneconomic motors since 70%-80% of electrical motors applications pertain to the constant-speed performance [3] .
The cage equipped permanent magnet motor known as LSPMSM has been introduced as the high efficiency motor with high starting capability with no need of drive system [3, 4] . The LSPMSM is launched commercially in the recent years and recommended as a suitable alternative to IMs [5] . The structure of LSPMSM comprises a single-or three-phase stator similar to IM and a hybrid rotor containing conductor bars and permanent magnets. Figure 1 depicts the crosssection of one pole of a three-phase LSPMSM. The rotor bar produces the starting torque due to the fact that the induction current in the bars establishes an electromagnetic field, which interacts with the rotatory field and subsequently pulls the motor toward the synchronism. Despite the induced current, the copper loss in the bars is negligible because of the synchronous operation. On the other hand, the permanent magnets of rotor produce the synchronous torque at steady state. Besides, the permanent magnets generate an opposing torque at the starting status which diminishes by designing the high-deepness rotor slots [3, 6] . Despite the superior advantages of LSPMSM, the fault occurrence due to various stresses and operation conditions is unavoidable. It has been deduced from previous studies that the mechanical faults are prevalent failures in electrical motors as they represent up to 60% among all types of failures. Eccentricity fault constitutes 80% of mechanical faults and is considered as a critical failure in electrical motors [7, 8] . The eccentricity fault is generally defined as the nonuniform air-gap distribution between the stator and rotor due to displacement of one or all the rotor symmetry axis, stator symmetry axis, and rotor rotation axis from their origin, which are classified as static, dynamic, and mixed eccentricity [9] . Hitherto, numerous research efforts have been dedicated to eccentricity fault diagnosis in IMs, PMSMs, and other types of electrical machines; yet, the LSPMSM is not taken seriously.
The winding function method (WFM) is introduced for modeling and simulation of electrical motors in order to evaluate their dynamic performance at healthy condition and under internal faults such as eccentricity between stator and rotor [10] [11] [12] [13] . Nevertheless, other simulation studies are focused on finite element method for modeling of electrical motors [14, 15] . This method provides accurate and inexpensive technique for analyzing electrical motors. Finite element method also takes into account the material characteristic, nonlinearity, and complex structures of motor. Therefore, this technique provides a precise modeling tool to investigate the behavior of electrical motors. In case a motor operates under faulty condition, some unexpected phenomenon comes up, which is more accurate to apply finite element method rather than other approaches such as WFM [10, 14] .
Different signals of electrical motors can be generated using finite element method such as stator current, torque, speed, and magnetic flux. The stator current is the prevalent monitored signal of motor for fault detection based on its accessibility and inexpensive measurement device [16, 17] . Each fault generates particular harmonic components in the stator current spectra in which extracting these features is referring to the specific fault in the motor [18, 19] . Several indexes have been proposed for eccentricity fault detection in different types of electrical motors such as [7, [20] [21] [22] in IM and [23, 24] in PMSM. It must be noted that the type of electrical motors has significant influence on fault detection based on their different structures [25, 26] .
Recall that there is not any scientific manuscript or published results related to eccentricity fault in LSPMSM. Hence, the first and important part of study on eccentricity fault in LSPMSM is to identify the features for eccentricity fault detection. In this paper, performance of LSPMSM under static eccentricity during steady state operation is scrutinized employing finite element method. The stator line current is used for a comprehensive study to evaluate the ability of these features for static eccentricity detection.
The Concept of Static Eccentricity Fault in Electrical Motor
Normally, the rotor that is centered at the stator bore of healthy motor results in identical air-gap among the stator and rotor. Accordingly, the magnetic forces are balanced in the opposite directions, but when the eccentricity emerges, this air-gap lessens on one side whereas it increases on the other side at any gyration angle which causes higher absorption force through the shorter gap [9, 27] . Static eccentricity in electrical motors occurs when the rotor symmetrical axis is concentric with the rotor rotational axis; however they are dislocated with respect to the stator symmetrical axis; hence, the position of minimum radial air-gap length is fixed [28, 29] . In this situation the mutual inductances across the stator and rotor as well as the self-and mutual inductances between the rotor phases are a function of rotor angular position. The self-and mutual inductances among the stator phases are invariant and independent of the rotor angular position, same as healthy condition of motor [10] . The implication of static eccentricity fault in motor is depicted in Figure 2 .
The static eccentricity can be due to numerous motives such as elliptical stator core, wrong placement of the rotor or stator at the setup or subsequent to maintenance, incorrect bearing positioning, bearing deterioration, shaft deflection, housings imperfection, end-shield misalignment, excessive tolerance, rotor weight, or pressure of interlocking ribbon [30] [31] [32] . Accordingly, the static eccentricity leads to second failures which results in drastic harm to the rotor, stator core, and windings. The radial forces in static eccentricity condition produce a steady unbalanced magnetic pull (UMP) in the radial route across the motor [33] due to the fact that the reluctance of the magnetic flux path decreases versus the transmission of flux on the side of tiny air-gap. However, the winding current induces more magnetic flux that causes the stronger pull and leads to expanding the air-gap on the opposite side where the reluctance increases; thus the flux and magnetic side pull decrease. Therefore, the UMP compels the rotor to move toward the area of the narrowest airgap length until the abrasion of the stator core subsequently generates abnormal vibration and severe damage to the rotor, the windings, and the stator [27] . Consequently, the static eccentricity causes acoustic noise, premature failure in the bearing, rotor deflection, and bent rotor shaft.
Static Eccentricity Detection Scheme
Different indexes have been recommended for static eccentricity fault detection in electrical motors and the efficiency of faulty motor has been analyzed via various methods. LSPMSM under eccentricity fault has not been investigated yet and thus no feature is available for eccentricity detection in this motor. In order to extract a reliable feature for static eccentricity fault detection in LSPMSM, the monitored signal should be processed by appropriate harmonic analysis. However, since LSPMSM is a hybrid motor of IM and PMSM, this study first examines the reliability of features extracted from stationary stator current for static eccentricity detection in IMs and PMSMs. The analytical studies of IM and PMSM with static air-gap eccentricity are expressed in the following portions.
The Analytical Theory of Static Eccentricity in IM.
The occurrence of static eccentricity fault leads to an asymmetric air-gap where the magnetomotive force (MMF) of stator shapes this air-gap by permeance harmonics into the electromotive force (EMF) induced in the rotor. The same process follows for EMF which is induced in the stator based on the rotor MMF [34] . So, the magnetic flux in the air-gap is the product of permeance and MMF that forms a complex field in the air-gap containing various components such as fundamental components, stator and rotor MMF harmonics, stator and rotor slot permeance harmonics, eccentricity permeance harmonics, and permeance harmonics because of saturation. The computation style of air-gap field which demonstrates the flux density distribution in the air-gap is shown in Figure 3 [35] . On the basis of transforming the stator/rotor frame of reference, the MMF due to motor phase current in the healthy IM can be written as [22] = cos ( ± ) ,
where is the number of main pole pairs, is the number of spatial harmonics, is angular position, is an integer value, is angular supply frequency (rad/sec), and is time variable (sec). The analysis is followed supposing no slotting effect as well as saturation.
The permeance of a smooth air-gap machine in healthy condition can be approximately represented as
where 0 is the average part of permeance function. The air-gap flux components generated by MMF and permeance with respect to stator (Φ 1 ) and rotor (Φ 1 ) are defined as
where is the angular position of rotor and is rotor rotational speed (rad/sec).
Afterwards, these components bring subsequent pole pair rotor MMF harmonics [22, 36] with the content of ± , which interact with 0 and yield the following types of air-gap flux components regarding stator (Φ 2 ) and rotor (Φ 2 ): Therefore, the rotor slot harmonic (RSH) also called principle slot harmonics (PSH) can be derived as [37] PSH = (
where = 1, 2, 3, . . ., is the line frequency in (Hz) and is the number of rotor slots. When static eccentricity befalls, the permeance ( ) is changed in the new format of
where is the peak of static eccentricity part in permeance ( ). Accordingly, the air-gap flux components owing to the interplay of MMF (1) and permeance (7) can be written as
Again, these flux components generate pole pair rotor MMF harmonics as ± , ± ± 1. These harmonics comprise components including 0 and terms where the 0 terms incorporate with the eccentric portion and terms merge with the average part of in (7). So, the air-gap components are expressed as
However, the influence of harmonics comprising the terms on the eccentric part of in (7) causes increment of air-gap flux components as stated below:
Consequently, these components are added to the air-gap flux components of (5) in the presence of static eccentricity in IMs.
In fact, the static eccentricity fault in IMs can be detected by two categories of frequencies through stator current, that is, the frequencies around fundamental harmonics which are categorized as low-frequency components and the frequencies around PSH that are classified as high-frequency components [7] . The equation describes such low-frequency components due to static eccentricity which are given in the form of [7, 38] SE Low = ± ,
where is fundamental frequency, is positive integer number, is the rotational frequency (speed) of motor (Hz), is the slip, and is the pole pair number. Meanwhile, the high-frequency components related to static eccentricity are specified in a compact form by the following equation [34] :
where is the number of rotor slots, is positive integer number, is slip, is the number of fundamental pole pairs, and V is stator time harmonics. The ± sign preceding V is manifested due to the forward and backward rotating space harmonics which are related to sign associated with in (1). However, a particular relationship between and must be provided to reveal these components.
The Analytical Theory of Static Eccentricity in PMSM.
The permeance of an air-gap contains stator slotting permeance and smooth rotor in PMSM which can be written as [26] 
where sl is an integer number, sl is the specific permeance regarding the stator slotting, 1 is the stator slot, and is the space variable. The saturation permeance is double the fundamental frequency and twice the number of poles which is mainly of the wider air-gap in the maximum flux density zone. The saturation permeance of this machine is expressed as
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Since the nonconcentric air-gap in static eccentricity is time invariant the permeance due to this fault considering smooth rotor and stator will be
where SE is an integer number and SE is the specific permeance related to static eccentricity in PMSM. Moreover, the permeance based on the dynamic eccentricity is represented as
where DE is an integer number and DE is the specific permeance concerning dynamic eccentricity in PMSM.
Accordingly, the total permeance of PMSM can be concluded with the following equation:
The air-gap flux density of PMSM can be calculated utilizing Ampere's circuital principle as
where 0 is the vacuum permeability and is the current density of stator interior surface:
where is an integer number. Then, substituting (18) and (19) results in
Equation (21) can be rewritten in the following form:
Eventually, (22) can be finalized as follows:
Heretofore, the static eccentricity analysis on the stator current of PMSMs by applying frequency domain processing technique proposed two features for diagnoses of this fault. The amplitude of the sideband components at the frequency
has been introduced as an index for eccentricity detection [23] :
where is the number of poles and is the fundamental frequency. The stator current of a healthy PMSM is principally comprised of fundamental frequency, which is the rotor frequency multiplied by number of pole pairs. Whenever the static eccentricity takes place, the new harmonic component will manifest itself in the current signal. One stator electrical fundamental period produces (2/ ) rotation for a -pole PMSM. Despite the fact that the position of narrowest airgap is static, the new harmonic components will appear at the rotating frequency where they can be diagnosed based on SE , SE , and SE considering the fact that these new components and multiples thereof are not encountered in the winding inductances and flux linkage though there is diversity in inductances among the phases.
The amplitude of sideband components at the following frequencies is recommended as a suitable feature for static eccentricity detection in PMSM [24] :
where is an integer number, is pole pairs number, and is supply frequency. The MMF of the stator is expressed as
The stator current involving space and time harmonics is as follows:
Equation (27) is simplified for sinusoidal supply voltage as
where = 1, 3, 5, . . .. So, the time series of the stator current can be written as follows:
where is an integer number and Φ is the space variable. Therefore, the SE can be extracted from (29).
Static Eccentricity Prediction in LSPMSM.
Hitherto no work has been carried out to investigate the effect of eccentricity fault in LSPMSM, although the application of this high efficiency motor is increasing. The LSPMSM utilizes the induction characteristic during the startup as transient operation while following the synchronization phenomenon during the steady state condition at synchronous speed. Hereupon, the investigation into LSPMSM under static eccentricity at steady state operation is worthwhile in order to pinpoint a signature for this fault as the subsequent upkeep. Indeed, the stator current analysis is a prominent technique for static eccentricity diagnosis in various types of motor which is also expected to provide valuable results for LSPMSM. It can be suggested that the static eccentricity scrutiny in LSPMSM can be effectively pursued utilizing the aforementioned indexes for IM and PMSM as the possible frequency components in this case. Therefore, (11) can be rewritten as
where = 1, 2, 3, . . ., is the number of pole pairs and is supply frequency. Besides, (13) will be in the form of
where is the number of rotor slots, V = 1, 3, 5, . . .. Moreover, the sequence of (24) also can be introduced as
where 3 = 0, 1, 2 and is the number of poles. Equation (25) is another index that can be examined for static eccentricity detection in LSPMSM. 
Modeling of LSPMSM Using Finite Element Method
A meticulous modeling on the basis of genuine structure is the significant stage that steers towards authentic fault detection in LSPMSM. Finite element method (FEM) is a numerical approach which can be employed for computing the parameters of electrical motors such as flux density, inductance, current, induced EMF, and torque. This method divides the model of motor into small segments by a particular mesh operation. Each segment is represented via a set of equations and the combination of all segments produces an enormous set of equations that demonstrate the motor.
FEM is a precise analysis as the inductances can be directly calculated by field analysis, so various conditions such as slot effects and saturation are spontaneously taken into account [39] . A three-phase LSPMSM is modeled in 2D environment on the basis of FEM using Maxwell 2D software. The specification of the LSPMSM has been summarized in Table 1 . Three-phase sinusoidal voltages are applied to the motor terminals as windings excitation. The transient solver with time integration method based on backward Euler is employed to solve the steady state current of LSPMSM. The model comprises all geometrical and physical complexities of machine parts such as stator, rotor, and shaft, in addition to stator winding distribution, nonuniform permeance of airgap because of eccentricity, nonlinear characteristics of stator and rotor cores, and permanent magnets materials. The 2D scheme of simulated LSPMSM with nonuniform air-gap due to static eccentricity is shown in Figure 4 .
The materials characteristic and stator winding formation highly influence the fault detection criteria [16, 40] . The stator and rotor cores are composed of laminated silicon steel; permanent magnet model of N38H with relative permeability of = 1.326 is utilized in the rotor structure; rotor bars are constructed by cast aluminum; and copper is used as conductor in the stator winding configuration. Monolayer distributed windings is arranged in the stator slots in order to minimize the harmonics of line current and voltage in this motor, results in higher efficiency and higher quality signal for fault detection.
The magnetic parameters and motor geometric extents are utilized by FEM to compute the magnetic field distribution inside the motor. Afterwards, the magnetic field distribution is employed to calculate other parameters such as induced voltage, inductances, current, torque, and speed. As the eccentric motor is modeled with an asymmetric air-gap, the calculated current, torque, and speed are also asymmetrical. This asymmetry condition generates several harmonic components in magnetic field, current, and torque of the motor. The new harmonics in the stator current can be determined as a frequency pattern for static eccentricity detection in LSPMSM.
The objective of this paper follows by modeling of static eccentricity fault in different degrees, so the aforementioned procedure shown in Figure 2 has been pursued; that is, the center of rotor is moved from the center of stator while rotating concentrically with its own center. Figure 5 depicts the location of stator and rotor under static eccentricity condition where is the center of stator, is the center of rotor, is the center of rotation, is the primary angle of static eccentricity, and vector → is the static transfer vector which is invariant for rotor angular positions. Therefore, the degree of static eccentricity can be calculated by the following equation [24] :
where is the uniform air-gap length. The performance of 4-pole LSPMSM in healthy and faulty conditions including time variations of current, speed, and torque is presented in Figure 6 . The differences between these figures clarify the effect of static eccentricity in LSPMSM as such synchronization process of motor takes longer time under faulty condition to reach steady state. 
Investigation of Proposed Frequency Patterns for LSPMSM
It is worthwhile to investigate the ability of aforementioned features for static eccentricity fault diagnosis using stator current in LSPMSM. Accordingly, the stationary signal of stator current is stored and analyzed in frequency domain applying power spectral density (PSD) analysis. The PSD spectrum has been normalized with respect to the fundamental component. The simulated signals are captured with the sampling frequency of 5 kHz over a total sampling time of 6.5 s which provides 0.15 Hz frequency resolution in the spectrum analysis. Due to intrinsic eccentricity level of 10% which exists in practical condition [32] , the eccentric motor in this study is modeled with 16.6% fault degree to evaluate the ability of fault-related feature for detecting static eccentricity at early stages. Then, the higher degrees of static eccentricity such as 66% and 83% are considered to observe the effect of fault severity in this motor. The different orders of harmonic components due to static eccentricity which should be scanned in the stator current spectrum are summarized in Table 2 . Meanwhile, the PSD measurements of the line current for healthy and faulty LSPMSM with 16.6%, 66%, and 83% static eccentricity are shown in Figures 7 and 8 . It can be concluded from Figure 7 that static eccentricity generates harmonic components in stator current where their amplitudes are changed due to the fault severity. Comparison between healthy (Figure 7(a) ) and faulty conditions (Figure 7(b) ) reveals the increase in the amplitude of sideband components at frequency (1 ± /2) on account of fault progress. Meanwhile, the differences between Figures 7(a) and 7(d) manifest a considerable rise of the amplitudes at frequencies (1 ± /2) for = 1 and 3, that is, 25 Hz, 75 Hz, and 125 Hz.
Despite the sideband component at frequency of (1 ± 2/2) , that is, 100 Hz can be calculated in this case, but a survey in [24] inferred that the main field begets harmonics because of associated rotating force wave at frequencies 50 Hz, 100 Hz, 150 Hz, 200 Hz, . . ., and so forth, so long as is an even integer value; while the amplitude of main field harmonics is superior to the eccentricity components, then the eccentricity components at frequencies 50 Hz, 100 Hz, . . ., are negligible. Consequently, the frequency pattern (1± /2) can be effective for LSPMSM when is an odd integer value. It is noticeable that the static eccentricity components at frequency 100 Hz are visible in the 4-pole LSPMSM.
On the other side, the frequency pattern [1 ± (2 − 1)/2] pinpoints the same frequency components due to static eccentricity for = 1 and 2, that is, 25 Hz, 75 Hz, and 125 Hz. Indeed, this frequency pattern follows the same aforementioned configuration of (1 ± /2) when is an odd integer value. Therefore, similar harmonic components will be nominated using these two indexes for static eccentricity detection in LSPMSM. By the way, harmonic components Figure 8 (d), these high-frequency components in the current signal are found to be weak for this motor. The evaluation of aforementioned features due to 16.6%, 66%, and 83% static eccentricity is summarized in Table 3 .
It can be derived from the results that the following index is an appropriate signature to pinpoint the static eccentricity in LSPMSM:
Mathematical Problems in Engineering where static is the harmonic components due to static eccentricity in LSPMSM, is an odd integer value, is the number of pole pairs, and is the line frequency. It can be found in Figure 7 (b) that the proposed index is efficient for static eccentricity detection in 16.6% eccentricity degree; therefore, it is reliable for early stage fault detection in LSPMSM.
Conclusion
In this paper, performance of LSPMSM under static eccentricity fault during steady state operation was analyzed employing FEM. The effects of static eccentricity on the harmonic content of stator line current have been scrutinized in frequency domain to propose a criterion for static eccentricity detection in this hybrid type of electrical motors. In this regard, previous features suggested for static eccentricity diagnosis using stator current signal in IMs and PMSMs are studied carefully to evaluate their possibilities in LSPMSM. It is observed that [ 3 + (2/ )] , [1 ± (2 − 1/ )] , and ± (for odd values of while slip is always zero in synchronous motors) are converged to the same harmonic frequencies. Indeed, the frequency pattern [1 ± (2 − 1/ )] is similar to ± when is an odd value, at synchronous condition. It is concluded that the low-frequency sideband components are the perfect signatures for static eccentricity and its degree in LSPMSM which can be predicted by frequency pattern [1 ± ( / )] . The higher degrees of fault increase the amplitude of these components which can be utilized to estimate the degree of static eccentricity. This frequency pattern is reliable for static eccentricity detection at early stage. It is noticeable that the harmonic components related to static eccentricity can be changed in LSPMSM with different number of pole pairs. 
